Colicins are protein antibiotics produced by Escherichia coli to kill closely related non-identical competing species. They have taken advantage of the promiscuity of several proteins in the cell envelope for entry into the bacterial cell. The Tol-Pal system comprises one such ensemble of periplasmic and membraneassociated interacting proteins that links the IM (inner membrane) and OM (outer membrane) and provides the cell with a structural scaffold for cell division and energy transduction. Central to the Tol-Pal system is the TolA hub protein which forms protein-protein interactions with all other members and also with extrinsic proteins such as colicins A, E1, E2-E9 and N, and the coat proteins of the Ff family of filamentous bacteriophages. In the present paper, we review the role of TolA in the translocation of colicin A through the recently determined crystal structure of the complex of TolA with a translocation domain peptide of ColA (TA 53-107 ), we demonstrate that TA binds to TolA at a novel binding site and compare the interactions of TolA with other colicins that use the Tol-Pal system for cell entry substantiating further the role of TolA as a periplasmic hub protein.
Introduction
Bacteriocins produced by Gram-negative bacteria are plasmid-encoded polypeptides that kill closely related nonimmune species. The precise role of each bacteriocin is not fully understood, but the fact that they are synthesized either (i) by autoinduction or (ii) in response to DNA damage suggests they are produced (i) offensively as a method of invading a new environmental niche already occupied by a competing organism or (ii) defensively as a means of protecting the environmental niche of the producing organism from invading species [1] . Bacteriocin-producing cells are protected from cell killing by the co-synthesis of a cognate immunity protein that detoxifies the bacteriocin through an interaction with the catalytic domain of the bacteriocin.
Traditionally, bacteriocins are named after the genus or species names of the producing organism: 'klebicins' from Klebsiella pneumoniae, 'cloacins' from Enterobacter cloacae, and 'colicins' from Escherichia coli. Colicins are, by far, the largest and most studied group of bacteriocins and consist of at least 25 different types classified into two groups, A and B, on the basis of the method of entry across the cell envelope. Group B colicins, such as colicins B, D, Ia and Ib, bind to a single cell-surface receptor that is involved with the transport of ferric iron metabolites or essential nutrients, and are translocated across the cell envelope by the Ton system which consists of TonB, ExbB and ExbD [2] . The majority of Ton-dependent colicins kill the cell by depolarization of the cytoplasmic membrane after insertion 1 To whom correspondence should be addressed (email chris.penfold@nottingham.ac.uk).
of a pore-forming domain into the lipid bilayer [3] . Group A colicins, with the exception of colicin N, bind to two cell-surface receptors for cell entry; an initial high-affinity interaction with the TonB-dependent receptor responsible for uptake of vitamin B 12 , BtuB is followed by the recruitment of an Omp (outer membrane porin), such as OmpF which functions as a translocator, and interaction with members of the Tol-Pal system in the cell periplasm called Tol proteins for penetration across the cell envelope [4] . The proteins are called Tol proteins because inactive mutations in tol render the sensitive cell tolerant of the toxic colicin. Tol-dependent colicins consist largely of the E colicins which contain the enzymatic colicins E2-E9, which kill cells by degradation of DNA, tRNA or rRNA, and colicin E1 which, similar to colicins A and N, is a pore-forming colicin. Analogies exist between the Ton and Tol systems of uptake; ExbB, ExbD, TolQ and TolR are all transmembrane proteins of the IM (inner membrane) that energize TonB and TolA respectively. Mutagenesis studies have shown that partial substitution of ExbB and ExbD mutants of E. coli by TolQ and TolR allows the uptake of TonB-dependent colicins [5] , and, despite their obvious size differences, TonB and TolA have functional and structural similarities that include energy transduction from the IM to the OM (outer membrane), and maintenance of membrane integrity [6] . However, unlike TonB, TolA does not interact with an internal plug domain of the OM receptor through a TonB box at its C-terminus, and there does not appear to be any proteins of the TonB-dependent system homologous with TolB or Pal [6] .
Transport of a colicin across the cell envelope of an E. coli cell is quite a remarkable feat as each colicin has to navigate its path across immiscible boundaries and physical obstacles. The role of the Tol proteins in the import of group A colicins is thus essential to provide the physical conduit and necessary energy for the process. Studies of protein-protein interactions of colicin domains with Tol proteins have led to mechanistic advances in our understanding of how colicins breach the defences of the cell envelope to exert their lethal effects [7, 8] .
In the present article, we review the structure of the complex of TolA with the TolA-binding region of ColA, show a unique binding fold of the colicin to a novel binding site of TolA and discuss the importance of this to the involvement of TolA as a periplasmic hub protein with multiple interactions at different interaction sites.
Tol-Pal complex
The Tol-Pal system consists of five proteins, TolA, TolB, TolQ, TolR and Pal, that are synthesized from a contiguous genetic cluster that also includes the genes ybgC and ybgF [9] . They span the cell envelope as a structural unit and are thought to (i) contribute to the structural integrity of the cell, (ii) contribute to transduction of cellular energy from the IM to the OM, and (iii) provide a structural scaffold at the cell poles and division plane during cell division [10, 11] (Figure 1 ). Inactivating mutations in any one of these proteins renders the mutated cells hypersensitive to drugs and detergents [12] , periplasm-leaky and susceptible to structural imperfections such as OM blebbing [13] . YbgF forms an interaction with TolA, but does not appear to affect the functioning of Tol [14] , whereas YbgC is a soluble cytoplasmic protein with a catalytic function independent of Tol [15] . TolA is 44 kDa protein that consists of three domains each separated by a row of glycine residues that are essential for the function of TolA. Domain I is anchored in the IM and interacts with TolQ and TolR, transmembrane proteins that interact with TolA in the cytoplasmic membrane. Domain II extends into the cell periplasm and links domains I with III. Lastly, domain III forms protein-protein interactions with proteins such as Pal, Lpp and OmpA that are anchored to the peptidoglycan and inner leaflets of the OM providing a conduit between the IM and the OM that is energy-dependent [16] . TolB at approximately 47 kDa is the largest Tol protein that has two structural domains, a N-terminal α + β domain based on a five-stranded mixed β-sheet and a C-terminal six-bladed β-propeller domain [17, 18] . TolB is anchored to the OM through a high-affinity interaction of its β-propeller domain with Pal that prevents the interaction of TolB with TolA [7] , and the Tol-Pal system is in an 'off' state [19] . The binding of ColE9 to TolB triggers a conformational change in TolB such that the 12 N-terminal residues of TolB (referred to as the TolA box) unwind from a structured hinge within the β-propeller domain of TolB to interact with TolAIII, albeit at a relatively low affinity, and the Tol-Pal system is switched 'on' [19] . The TolA-TolB interaction provides the energetic input for the removal of the immunity protein (Im9) of ColE9 at the surface of the OM [19, 20] . This implies that the interaction of TolB with Pal dictates the energetic state of the Tol-Pal system and whether it is switched on or off [7] . There is evidence that TolB occurs in the cell periplasm as a smaller polypeptide of 43 kDa that is not membrane-associated [21] and may be the target of the TolBdependent non-enzymatic group A colicins that are unable to competitively recruit TolB from the TolB-Pal interaction [22] (Figure 1 ).
TolA is a periplasmic hub protein
The Tol-Pal system operates as an interacting network of proteins in which the interactions are essential for the function of the network. TolA is central to the network as it provides a structural tether between the IM and OM and participates in the majority of protein-protein interactions that have led to its comparison with promiscuous hub proteins [23] . Hub proteins have been defined as proteins with five or more interactions that bind to the hub either at a single site or through multiple interaction sites for the different interacting partners or a combination of the two [24] . The N-terminus of TolA interacts with both TolQ and TolR, and with the polar marker TipN in Caulobacter crescentus in the cytoplasmic membrane [10] , TolAII interacts with YbgF in the bacterial periplasm [9, 14] , and TolAIII interacts with TolB, Pal [9, 16, 25] and several extrinsic proteins crossing the OM such as group A colicins and filamentous bacteriophages [26] [27] [28] [29] . Interestingly, although the Tol-Pal proteins from different bacterial species show a high degree of sequence conservation, the greatest divergence occurs in TolA [30] and specifically TolAIII, suggesting species-specific structural differences of TolAIII and large numbers of potential ligands for TolAIII that, as yet, have not been identified. Deletion of TolA in Salmonella enterica serovar Typhimurium led to mutants with reduced virulence and inability to colonize mouse models through impaired membrane integrity and altered LPS (lipopolysaccharide) production [31] .
Colicin A
Colicin A is classed as a group A colicin because, like the enzymatic colicins, it interacts with the OM proteins BtuB and OmpF and is dependent on the Tol proteins for passage through the cell envelope to its cytotoxic site of action. Colicin A consists of three functional domains. The central domain spans residues 173-388 containing the receptor-binding region and is responsible for the interaction of the colicin with BtuB. The N-terminal domain contains the translocation domain that interacts with Tol and is important for passage of the cytotoxic domain through the cell envelope. The translocation domain consists of residues 1-172 and contains two regions termed the TolB box and the TolA-binding region that have been shown previously to form a physical interaction with TolB and TolA respectively [22, 26] , although all residues necessary for the translocation of ColA appear to be within residues 1-107 [23, 32] . The C-terminal domain of colicin A, residues 389-592, contains the catalytic domain which is composed of ten α-helices that insert into the cytoplasmic membrane forming a voltage-gated channel [33] .
ColA is the only colicin that interacts directly with both TolA and TolB, and a physical interaction with both TolA and TolB has been demonstrated in vitro [22, 32] , although it is unclear whether there is an interaction with both TolA and TolB simultaneously in vivo (Figure 1) . If Brownian ratchet motion occurs during colicin translocation, then the relative binding affinities would suggest that, initially, the TolB box of ColA binds to TolB and then the TolA-binding region of ColA binds to TolA through a higher-affinity interaction. ColE9 has been shown to interact with TolB shortly after its interaction with ompF [34] and, although ColE9 does not form an interaction with TolA directly, TolA is important for the energy-dependent removal of Im9 through its interaction with TolB after displacement of Pal from the TolB-Pal interaction [20, 35] . ColA does not competitively recruit TolB from the TolB-Pal complex as the binding affinity of the TolB-ColA complex is >10-fold lower than both TolB-Pal and TolB-ColE9 complexes which offers an insight into the differences in the recruitment of TolA by ColA and ColE9 [22, 35] (Figure 1) . We have shown that ColA, but not ColE9, binds independently to TolA and TolB, forming a trimeric complex which is independent of Pal (Y. Zhang and C.N. Penfold, unpublished work).
ColA binds to a novel binding site of TolA
The crystal structure of the complex of TolAIII with ColA (TA 53-107 ) was determined following removal of the first 52 residues of ColA and methylation of the TolAIII-TA 53-107 complex to reduce the surface entropy of lysine side chains of TolAIII. It consists of residues 329-421 of TolAIII and residues 57-97 of TA 53-107 (Figure 2 ). The structure of TolAIII in the complex consists of four α-helices and three β-strands and overall is similar to the structures of free TolAIII from E. coli and Pseudomonas aeruginosa, and TolAIII in the complex with g3p from bacteriophage fd [29, 36, 37] despite not being able to use the co-ordinates of those structures to solve the structure of the TolAIII-TA 53-107 complex by molecular replacement [23] .
ColA adopted a unique structure with two pairs of β-strands at the N-and C-termini connected by a hairpin loop. If pulled apart, the pairs of β-strands could act like the handles of a skipping rope, with the loop acting as the rope itself. The β-sheet at the C-terminus of ColA forms an intermolecular antiparallel β-sheet with three β-strands of TolAIII with the edges of the two leading strands forming a β-strand addition through β-sheet augmentation [38] . Therefore the complex forms a five-β-strand sheet with the α-helices of TolAIII on one side and the N-terminal β-strand sheet together with the hairpin and loops of ColA on the other side of the five-β-strand sheet complex (Figure 2) . The interactions between TolAIII and ColA encompass mainly electrostatic interactions and hydrophobic/apolar contacts across residues 92-96 of ColA and residues 375-380 of TolAIII. Another feature of the TolAIII-TA 53-107 complex shown to be unique to the interactions of colicins and their ligands is the presence of three pairs of cation-π interactions on either side of the β-sheet interface that were produced following complex formation through the rearrangement of these residues and surrounding residues so that the sidechain nitrogen atoms of the lysine residues of TolAIII aligned above the aromatic rings of the trytophan residues of TA 53-107 . Cation-π interactions are important stabilizing interactions in protein-protein interactions and contribute to molecular recognition and specificity [39] . The importance of these interactions was highlighted in our case by the Y58A mutation of TA 53-107 which abolished the interaction of ColA with TolAIII [23] .
Comparison of the TolAIII-TA 53-107 complex with the complex of TolAIII-g3p showed that ColA binds to a different β-strand of the same β-sheet of TolAIII than that to which g3p binds [29] , with no single residue of TolAIII being involved in binding to both proteins and placing both binding ligands on opposite sides of TolAIII (Figure 3 ). In the absence of structures of the complexes of TolAIII with TolB, ColN and ColE1, comparisons of the 1 H- 15 N HSQC (heteronuclear single-quantum coherence) NMR spectra of TolAIII in the TolAIII-ColN [40] and TolAIII-g3p [29] complexes and TolAIII binding to a peptide expressing 
Perspectives
Owing to their microbial cytotoxicity, bacteriocins are currently receiving a lot of interest for their potential therapeutic use as antimicrobial and probiotic agents as well as being of great value to the food industry where they are being exploited in order to increase food security [41, 42] . Probiotics are of special prophylactic value since the engineering of beneficial strains expressing bacteriocins would enable more rapid and stable establishment in the gut, and would potentially prevent the establishment of pathogenic strains taking hold. As current antibiotic treatments to fight superbugs are increasingly proving ineffective, harnessing the toxic power of bacteria to fight rival bacteria shows great promise. Hub proteins participate in a number of protein interactions that control the formation of large protein complexes and biochemical pathways that define essential cellular processes. Preventing hub proteins such as TolA from participating in those essential cellular processes by the binding of colicin or alternative small-molecule ligands should weaken cell viability, thereby preventing the establishment of a full-blown infection [31, 43] . This offers the exciting opportunity of harnessing information gained from an understanding of how colicins penetrate cells and their ensuing interactions with Tol proteins for the development of novel synthetic molecules with antimicrobial activity.
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